Introduction
============

The ability of organisms to adapt to climatic stressors, such as high temperatures, through plastic or evolutionary responses, has received much attention lately (Gienapp et al. [@b18]; Sunday et al. [@b35]; Diamond et al. [@b12]; Zeuss et al. [@b38]). Effects of environmental stress, and thereby the need to adapt, may be more severe in inbred populations due to synergistic inbreeding--environment interactions (Fox and Reed [@b13]; Reed et al. [@b32]). In novel or changing environments, such interactions may decrease the fitness of inbred individuals more compared to outbred individuals. Little is known about the causation of the inbreeding--stress interactions, although they may determine the efficiency of selection and persistence of small natural populations in harsh environments. Inbreeding--environment interactions may stem from a decreased ability of inbred individuals to induce adaptive phenotypic plasticity (Bijlsma and Loeschcke [@b6]; Reed et al. [@b32]), but only few studies have addressed this possibility. Adaptive phenotypic plasticity for shell thickness, as a response to predator presence or absence, decreased with inbreeding in a freshwater snail (Auld and Relyea [@b2]). Conversely, inbreeding did not affect the ability to increase cold resistance in response to developmental cold acclimation across multiple *Drosophila* species (Kristensen et al. [@b24]).

In this study, we investigated the effects of inbreeding on adaptive phenotypic plasticity of abdominal pigmentation and wing size and shape across a developmental thermal gradient in *D. melanogaster*. We have chosen these traits not only because they show a strong phenotypic change across developmental temperatures (Gibert et al. [@b16]), but also because the plasticity has been shown to be adaptive: A darker abdomen is favorable in colder environments, while a pale abdomen is so in hot environments (Kingsolver [@b21]; Clusella-Trullas et al. [@b9]; Matute and Harris [@b25]), and wing size and shape change with temperature partly in order to optimize takeoff and flight abilities (Azevedo et al. [@b3]; Hoffmann et al. [@b19]; Frazier et al. [@b14]). Given that the norms of reaction across temperatures of outbred individuals are adaptive for the traits investigated, any directional change (decrease or increase) in phenotypic plasticity will by definition result in a reduced adaptive phenotypic plasticity and in a fitness reduction. Thus, a reduced adaptive phenotypic plasticity may not only arise from a decreased ability of inbred individuals to respond to environmental change as often described in the literature (Bijlsma and Loeschcke [@b5]; Reed et al. [@b32]), but also from an increased phenotypic plasticity of inbred compared to outbred individuals. An increase in phenotypic plasticity can be due to an increased environmental sensitivity, that is, inbred individuals have a lower stress threshold compared to outbred individuals.

Materials and Methods
=====================

Prior to the creation of replicate inbred populations, we established a *D. melanogaster* population from 589 wild females caught in Denmark; for details see Schou et al. ([@b34]). The population was genetically diverse, with nucleotide diversity estimates in the range reported for multiple *D. melanogaster* populations (*π *= 0.48%) (Pool et al. [@b31]; Schou et al. [@b34]). To mimic the process of genetic drift and selection (purging) in small natural populations, we reared each of ten replicate populations at a population size of 10 (N10). As a contrast to the replicate N10 populations, three replicate populations were established and reared at a population size of 500 (control). We controlled rearing density during development and maintained a 1:1 sex ratio, while the diurnal light and temperature (mean: 24.8°C) cycle followed a Gaussian curve mimicking a natural diurnal cycle; for rearing details see Jensen et al. ([@b20]). After 25 generations, we expanded the population size of the replicate N10 populations to 250 for 7 generations before initiating the experiment. The expected inbreeding coefficient (*F*) of replicate N10 populations was estimated to 0.84 (Crow and Kimura [@b10]) by assuming *f*~0~ = 0 and *Ne* = 2/3 N (Buri [@b7]; Nunney [@b27] \[lottery polygyny and Poison distributed offspring per mating\]).

From each of the 13 replicate populations, we transferred 16 vials with 40 eggs to three different constant thermal regimes: cold (14°C), benign (25°C), and warm (31°C). Emerging adults were kept at their respective developmental temperatures until 2 days of age to complete the melanisation (Chakir et al. [@b8]). At this point, flies were transferred to a 1:1:8 glycerol/acetic acid/ethanol mixture. We assessed the pigmentation of abdominal segments 2 to 7 of ∼20 females per replicate population in each regime ([Fig. S1](#sd1){ref-type="supplementary-material"}). We focused on females throughout this study as they show a larger absolute plasticity in abdominal pigmentation, as opposed to males in which the anterior abdominal segments remain dark across developmental temperatures (Gibert et al. [@b17]). Each tergite was assigned a score between 0 and 10, with 0: No part of the tergite was black, and 10: The entire tergite was black (David et al. [@b11]). To calculate the total pigmentation of each fly, we weighted each tergite by its area; values 1, 0.75, and 0.26 for tergites 5, 6, and 7, respectively (Petavy et al. [@b30]), while tergites 2--4 were weighted with value 1.

We measured the right wing (right when positioned on the abdomen) on ∼23 flies per replicate population per thermal regime. Wings were mounted on glass slides in an alcohol/glycerine solution. Images of the individual wings were obtained with a Leica MZ 125 microscope, a Leica DFC295 camera, and the software Leica Application Suite 3.7.0 (Leica Microsystems, Wetzlar, Germany). As an estimate of wing size, we calculated the centroid size based on 11 landmarks (Trotta et al. [@b36]). We further estimated wing shape by calculating the ratio between wing length (distance from landmark 3 to 6) and width (distance from landmark 2 to 4) ([Fig. S2](#sd1){ref-type="supplementary-material"}).

We analyzed the effect of inbreeding on the adaptive phenotypic plasticity of total pigmentation (square root transformed), wing size and shape using general linear mixed models (glmm) (Bates et al. [@b4]). Differences in the phenotypic change across temperatures between replicate N10 and control populations would show up as a significant interaction between the two fixed effects *breeding regime* (control or N10) and *temperature* (Schlichting [@b33]; Valladares et al. [@b37]) and will be interpreted as evidence for a reduced adaptive phenotypic plasticity in inbred individuals. *Temperature* was modelled as a quadratic continuous term to allow possible differences in the curvature of the norm of reaction between breeding regimes. We included random intercept and slopes of replicate populations across temperatures in the model. *P*-values were obtained by sequential model reduction and by model comparisons with likelihood ratio tests. In case of a significant interaction, no further model reductions were performed. All statistical analyses were performed in R (R Core Team, [@b39])

Results
=======

Total pigmentation decreased by 57% as the temperature was increased from 14 to 31°C ( = 43.42, *P \< *0.001), but was not affected by *breeding regime* ( = 0.002, *P = *0.97) or by the interaction between *breeding regime* and *temperature* ( = 0.92, *P = *0.63), although one replicate N10 population showed a strongly decreased response in pigmentation to temperature changes (Fig.[1](#fig01){ref-type="fig"}A; Figs S3 and S4). Wing size decreased by 19% from 14 to 31°C ( = 61.47, *P \< *0.001) and was affected by *breeding regime* ( = 7.63, *P \< *0.01) such that replicate N10 populations on average had wings that were 6% smaller than control populations (Fig.[1](#fig01){ref-type="fig"}B). However, as for total pigmentation, there was no effect of the interaction between *temperature* and *breeding regime* on wing size ( = 4.27, *P = *0.12). The interaction between *temperature* and *breeding regime* was significant for wing shape ( = 6.44, *P *\<* *0.05; Fig.[1](#fig01){ref-type="fig"}C), showing a small but significantly higher rate of change in wing shape across temperatures in replicate N10 (an increase of 2% from 14 to 31°C) compared to control populations in which no increase was detected. The significant interaction was primarily driven by a difference in the overall curvature between the two breeding regimes (Fig.[1](#fig01){ref-type="fig"}C).

![Norm of reaction for total pigmentation (A), wing size (B), and wing shape (C) of replicate N10 (*n* = 10) and control (*n* = 3) populations. In each plot, the plasticity (absolute change in phenotype) for the three contrasts is summarized in a barplot. Error bars are standard errors.](ece30005-0001-f1){#fig01}

Discussion
==========

Here, we explore how inbreeding may affect the adaptive phenotypic plasticity of three traits using replicate inbred and outbred populations. There is a strong experimental evidence that the norms of reaction of the traits investigated are adaptive (Kingsolver [@b21]; Azevedo et al. [@b3]; Hoffmann et al. [@b19]; Clusella-Trullas et al. [@b9]; Frazier et al. [@b14]; Matute and Harris [@b25]); therefore, we find it appropriate to interpret any differentiation in the norm of reaction of the replicate N10 populations from the control populations as evidence for a decreased adaptive phenotypic plasticity. We found no difference in phenotypic plasticity between control and N10 populations in neither total pigmentation nor wing size and thus no evidence of a reduced adaptive phenotypic plasticity with inbreeding for these traits. However, inbreeding did significantly reduce wing size across temperatures, which may reduce flight ability in inbred flies (Frazier et al. [@b14]). The wing shape of replicate N10 populations showed a significant higher phenotypic plasticity compared to replicate control populations (Fig.[1](#fig01){ref-type="fig"}C). We interpret this as a reduced adaptive phenotypic plasticity in this trait. Our results do not support the hypothesis that a reduced adaptive phenotypic plasticity is a general consequence of inbreeding; instead, such an effect seems to be trait and population specific.

Phenotypic plasticity is triggered by environmental cues followed by a phenotypic change. A reduced ability to adjust the phenotype should be distinguished from a changed environmental sensitivity (i.e., a changed ability to detect a cue or a changed response threshold). For example, *Drosophila* studies suggest that inbreeding increases the environmental sensitivity by lowering the temperature at which the heat shock protein Hsp70 is upregulated in larvae (Kristensen et al. [@b23]; Pedersen et al. [@b29]). Conversely, disruption of neural circuits controlling behavioral strategies (Garrity et al. [@b15]) may decrease environmental sensitivity. As such, the inconsistency in the consequences of inbreeding on phenotypic changes across environments observed here and elsewhere (Auld and Relyea [@b2]; Kristensen et al. [@b24]) may be a result of unpredictable net outcomes of inbreeding effects on environmental sensitivity.

Inbreeding can result in increased energy expenditure for maintenance metabolism (Koehn and Bayne [@b22]; Myrand et al. [@b26]; Parsons [@b28]); thus, it is relevant whether the plastic response investigated is energetically costly. It is largely accepted that phenotypic changes during development and at the adult stage are constituted by different mechanisms (Angiletta [@b1]). During development, the organism can adjust the phenotype of a given trait while the trait is being developed. Conversely, a change in the phenotype of the trait at the adult stage requires changes made to a fully developed trait. We speculate that a phenotypic change during development may be less expensive than a phenotypic change at the adult stage. While Auld and Relyea ([@b2]) found a decreased adaptive phenotypic plasticity in shell thickness as a response to predator presence or absence in 29-day-old snails, we studied responses that can be classified as developmental adaptive phenotypic plasticity (i.e., the phenotypic change takes place during the development of the organism into the adult stage). The difference in the timing of the phenotypic change may explain the discrepancy between studies (Auld and Relyea [@b2]; Kristensen et al. [@b24]).

The current study does not allow for a mechanistic distinction between inbreeding effects on the capacity to adjust the phenotype and environmental sensitivity (i.e., inbred individuals have a lower stress threshold). Future studies should consider this if we are to understand the inconsistency in the results obtained within research on inbreeding by environment interactions and more generally genotype by environment interactions. In conclusion, a lower adaptive phenotypic plasticity is not a general consequence of inbreeding or a general explanation for inbreeding--environment interactions.
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